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FOREWORD 

The  effort  described  herein  was  performed  by  the  Survivability/ 
Vulnerability  Branch,  Vehicle  Equipment  Division  of  the  Air  Force 
Flight  Dynamics  Laboratory.  This  effort  was  performed  primarily  to 
answer  questions  concerning  the  ballistic  performance  of  hybrid  poly- 
ether urethane  foams  as  compared  to  polyester  urethane  foams.  The 
program  was  performed  at  the  direction  of  Mr.  C.  Anderson  with  the 
assistance  of  Mr.  T.  0.  Reed  of  ASD/ENFEF. 

This  program  was  performed,  in  part,  for  the  Joint  Technical 
Coordinating  Group  for  Aircraft  Survivability.  All  financial  support 
and  the  large  majority  of  manpower  support  was  provided  by  AFFDL/FES 
under  Project  Number  4365,  Task  436301,  and  Work  Unit  43630141. 

The  efforts  described  in  this  report  were  performed  during  the 
period  of  December  1975  to  March  1976. 

The  author  gratefully  acknowledges  the  assistance  of  Messrs. 

T.  0.  Reed  (ASD/ENFEF)  and  Mr.  C.  Harris  (AFFDL/FES)  for  assistance 
in  planning  and  managing  thiB  program;  Mr.  M.  Gromosiak,  Major  Krobusek, 
Messrs.  W.  Gaines  and  W.  Studebaker  of  the  AFFDL  Aircraft  Survivability 
Research  Facility  for  gunrange  support. 
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SECTION  I 
INTRODUCTION 

The  objectives  of  this  program  were  to:  (1)  evaluate  the  bal- 

listic performance  of  coarse  and  fine  pore  hybrid  polyether  urethane 
foams  (i.e.  blue  foam)  as  compared  to  the  coarse  and  fine  pore  poly- 
ester urethane  foams  (i.e.  yellow  and  red  foam);  (2)  perform  a pre- 
liminary analysis  of  the  ballistic  performance  of  a new  explosion 
suppression  material  called  Explosafe  (Vulcan  Industrial  Packaging 
Limited).  The  materials  were  tested  using  maximum  flammable  mixtures 
with  mechanical  damage  and  combustion  overpressure  as  measures  of 
performance. 

The  need  to  prevent  explosions  in  the  fuel  tank  ullage  (the 
space  above  the  fuel  level  which  contains  air  and  fuel  vapors)  of 
combat  aircraft  is  of  major  importance  if  a survivable  aircraft  is 
to  be  obtained.  Since  the  fuel  system  of  any  combat  aircraft  is  the 
most  vulnerable  portion  of  the  aircraft  and  occupies  such  a large 
fraction  of  the  aircraft,  it  can  be  seen  why  a system  to  prevent 
explosions  in  the  fuel  tank  ullage  is  the  single  most  important 
survivability  defense  concept.  The  polyester  urethane  reticulated 
foams  were  introduced  in  the  late  1960's  and  represented  a signifi- 
cant contribution  to  the  survivability  of  any  combat  aircraft  using 
this  material. 

The  primary  drawback  from  using  the  foam  1b  its  weight  and  volume 
penalties,  but  nevertheless,  the  foam  has  been,  and  will  continue  to 
be  incorporated  into  combat  aircraft  because  of  its  effectiveness  in 
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preventing  explosions.  This  polyester  urethane,  in  use  since  the 
initial  application  of  foams  in  fuel  systems,  progressively  undergoes 
chemical  degradation  when  exposed  to  an  elevated  heat/humidity  envi- 
ronment. This  chemical  degradation  of  the  foam  leaves  it  with  little 
or  no  physical  integrity. 

This  fact  came  to  the  forefront  in  the  conflict  in  SKA  due  to 
the  high  humidity/ temperature  environment  encountered  there.  The 
problems  associated  with  the  degrading  of  the  foam  succeeded  in 
placing  a lot  of  emphasis  on  development  of  new  materiuls  that  do 
not  degrade  (l.e.  has  better  hydrolytic  stability).  The  blue  foam 
(both  coarse  and  fine  pore)  tested  in  this  program  is  a prime  candi- 
date for  replacing  the  polyester  urethane  foams.  The  blue  polyether 
urethane  foam  is  far  less  prone  to  degradation  effects  in  a high 
temperature/humidity  environment  compared  to  the  polyester.  The 
currently  formulated  blue  foam  suffers  from  effectB  due  to  fuel 
environments.  The  foam  swells  in  fuel  and  there  is  a decrease  In 
tensile  strength.  It  was  thought  that  these  characteristics  would 
lead  to  a less  viable  flame  and  explosion  suppressor.  The  reserva- 
tions concerning  the  polyether  foam  dictated  that  a ballistic  evalua- 
tion be  performed  to  verify  its  performance. 

Another  type  of  material  which  has  entered  the  picture  recently 
is  called  "Explosafe".  The  "Explosafe"  had  been  subjected  to  minimal 
ballistic  testing  prior  to  this  program  and  therefore  many  questions 
existed  as  to  its  performance  against  various  projectiles. 
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SECTION  ti 
TEST  DESCRIPTION 

l,  EXPLOSION  SUPPRESSION  MATERIALS 

The  materials  tested  in  this  program  include  the  polyester  ure- 
thane reticulated  foams,  the  hybrid  polyether  urethane  reticulated 
foams,  a polyester  urethane  reticulated  foam  coated  with  Astrocoat, 
and  an  aluminum  metal  flame  arrestor  called  Explosafe.  These  reti- 
culated foams  will  subsequently  be  referred  to  as  polyether  and 
polyester  foams.  The  polyester  foams  were  tested  using  coarse  (6 
pores  per  centimeter  (ppo),  yellow)  and  fine  (10  ppc,  red)  pore 
foams.  The  polyether  foams  were  tested  using  coarse  (6  ppc)  and 
fine  (10  ppc)  pore  foams.  both  pore  size  polyether  foams  were  colored 
blue.  Pertinent  data  on  these  foams  are  presented  in  Appendix  IV.  The 
polyester  foam  is  presently  covered  by  Military  Specification  MTL-R- 
830S4A.  The  polvether  foam  will  be  added  to  this  specification  in  the 
future.  The  Astrocoated  foam  tested  here  was  made  by  coating  buns  of 
the  red  polyester  foam.  The  coating  process  consists  of  dipping  a 
bun  of  foam  in  a polvether  urethane  solution.  This  coating  caused 
the  red  foam  to  take  on  a nearly  black  color.  The  Astrocoat  was 
developed  by  01  in  Matheson  and  the  process  by  which  the  foam  is  dipped 
in  the  Astrocoat ing  solution  was  developed  by  Hughes  Aircraft  under  a 
contract  from  NASA,  Ames. 

The  Explosafe  aluminum  metal  arrestor  is  manufactured  by  Vulcan 
Industrial  Packaging  Limited,  Canada.  The  material  consists  of  single 
sheets  of  aluminum  0.076  mm  thick  which  have  several  short  cuts  at 
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regular  intervals  to  produce  a Mingle  sheet  of  expanded  metal  meal). 
The  Hi'  sheets  are  then  stacked  In  hundleH.  Samples  ('I  all  materials 
are  shown  In  Figure  No,  1, 

There  were  two  different  configurations  used  for  testing  the 
explosion  suppression  materials.  The  first  was  the  "egg  crate" 
vetoing  configuration  which  Is  depleted  In  Figure  No.  2.  This  con- 
figuration consisted  of  27  rectangular  voids  (17.8  cm  x 17.8  cm  x 
20,3  em)  cut  in  the  foam  (resulting  In  22.6%  void)  and  installed  In 
the  test  specimen  as  Figure  No.  2 depicts.  The  second  was  the  solid 
packed  configuration  which  wus  identical  to  that  depleted  In  Figure 
No.  2 except  that  there  were  no  voids  cut  In  the  foam.  The  Kxplosafe 
was  tested  In  the  solid  packed  configuration  only  and  was  Installed 
In  14  bundles,  each  approximately  6.5  cm  thick. 
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Figure  2.  "Egg  Crate"  Voided  Foam  Installation 
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volume  of  0.75  cubic  meter*.  There  were  provision*  for  fueling  end 
defuellrtg  at  the  top  and  bottom  of  the  tank*.  Several  other  small 
fitting*  were  Installed  for  pressure  tape,  thermocouplea,  etc.  Two 
different  materials  were  used  for  impact  and  exit  panel*;  7075-T6, 

2,033  mm  thick  and  2024-T3,  1.803  mm  thick.  These  panels  were 
appropriately  91  cm  x 91  cm  single  sheet*  of  aluminum  with  no 
stiffeners  Incorporated,  The  TWS's  were  instrumented  with  two  (2) 
presaure  transducers  for  measuring  combustion  overpressures.  Primarily, 
the  transducers  used  were  Statham  Model  PC.  822  bonded  strain  gage  type 
pressure  transducers.  Also  used  during  the  beginning  of  the  program, 
were  PCB  Model  202A  quarts  piezoelectric  pressure  transducers.  These 
piezoelectric  transducers  were  used  because  the  pressures  from  the  HG1 
blast  were  unknown  and  the  dynamic  range  far  exceeded  that  of  the 
strain  gage  type.  Theae  transducers  were  generally  connected  to  the 
TWS  via  a 6 mm  diameter  flexible  tube  35  cm  long  to  isolate  the  trans- 
ducers from  shock  and  vibration.  There  were  4 thermocouples  installed 
in  the  tank  to  monitor  fuel  and  ullage  temperatures.  See  Figure  No.  -4 
for  Instrumentation  location  and  installation  diagram. 

TWS  No.  1 incorporates  a small  electric  fan  dr  .von  by  an  induction 
motor  which  produces  no  sparks.  This  fan  wan  installed  inside  the  tank 
approximately  15  cm  from  the  top  and  front  of  the  tank  so  that  It  would 
be  out  of  the  blast  cone  of  the  HEI  and  avoid  damage.  The  fan*  was 
powered  by  115  VAC  and  had  a flow  rate  in  excess  of  14  1 iters/second 
which  served  to  "mix-up"  the  ullage  gases.  This  insured  a virtually 
homogeneous  mixture  of  air  and  fuel  vapors.  This  fan  was  removed  for 
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Figure  4.  Instrumentation  Locations 

tests  that  did  not  require  u stoichiometric  fuel/air  ratio.  TWS  No.  1 
wan  um*d  for;  baseline  tests  with  air  only*  for  tests  with  no  explosive 
vapors,  and  teats  with  no  foam  but  with  explosive  vapors. 

TWS  No.  2 waa  used  for  all  the  teHta  with  the  explosion  suppression 
materials  whieh  required  stoichiometric  fuel/air  ratios.  The  primary 
difference  between  TWS  No.  1 and  TWS  No,  2 is  the  elaborate  circulation 
system  incorporated  in  TWS  No.  2.  Due  to  the  presence  of  Internal  foam 
inside  the  tank,  the  use  of  a fan  as  in  TWS  No.  1 was  precluded.  The 
system  devised  is  depicted  in  Figure  No.  5 . It  is  composed  of  two 
electric  fans  in  a 17.8  cm  diameter  duct  above  tank  to  provide  circu- 
lation and  eight  6.4  cm  diameter  pipes  on  each  side  of  the  tank  for 
pulling  ullage  gases  out  and  returning  them  to  the  other  side  of  the 
tank.  Valves  were  incorporated  into  each  of  the  16  pipes  to  isolate 
the  circulation  system  prior  to  weapon  firing.  This  system  was  sized 
to  provide  in  excess  of  14  llters/sec  flow  in  order  to  adequately  mix 
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the  ullage  gas  und  thereby  ensure  a homogeneous  mixture  of  fuel  vupors 
und  air.  In  order  to  prevent  a flame  front  from  propagating  into  the 
circulation  system  the  6.4  cm  diameter  pipes  were  plugged  with  10  cm 
of  red  foam  at  the  inlet  to  the  tank.  The  circulation  system  wua 
modified  extensively  when  repuira  became  neceaaary  about  midway 
through  the  touting.  The  modified  system  wob  basically  the  same 
except  that  the  foam  flame  arrebtor  in  the  7.4  cm  diameter  pipes  was 
replaced  with  a 5 cm  ball  valve  to  positively  isolate  the  circulation 
system  from  the  tank  during  the  ballistic  tests,  Also  part  of  the 
ducting  was  redesigned  and  flexible  hose  replaced  previous  hard 
plumbed  ducting.  See  Figure  No.  6. 

3.  PROJECTILES  TESTED 

There  were  two  different  projectiles  tested  during  the  duration 
of  the  progrum.  These  were  the  23  mm  HE1  (High  Explosive  Incendiary) 

and  the  50  caliber  API  (Armor  Piercing  Incendiary).  The  50~ea4+be* 

API  was  a standard  U.S.  domestic  projectile  12.7  mm  in  diameter.  The 
projectiles  were  tested  without  down  loading  the  rounds  which  resulted 
in  nominal  projectile  velocities  of  990  meters/second  for  the  23  mm 
HEl  and  848  meters/second  for  the  50  caliber  API.  The  projectile 
velocities  were  not  measured  for  these  tests  but  are  projected  from  n 
large  data  base  from  previous  firings. 
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The  specimen  was  modified  slightly  when  Impacted  with  the  50 
caliber  API.  A 4,76mm  aluminum  plate  (approximately  15  cm  square) 
was  taped  to  the  front  panel.  The  API  projectile  would  then  pene- 
trate  a total  of  6.53mm  of  aluminum  which  Is  more  than  adequate  to 
activate  the  incendiary.  This  was  determined  from  data  presented 
in  AFML-TR-68-223. 

The  23mm  HEI  Is  a Soviet  built  projectile  which  contains  171 
grains  of  explosive/incendiary  mix.  The  fuze  is  the  MG25  and  the 
projectile  is  an  Anti  Aircraft  Artillery  (AAA)  type.  The  MG25  fuze 
will  provide  a nominal  20  cm  delay  between  the  front  tank  wall  and 
the  detonation  point.  This  waB  evident  when  examining  the  solid 
packed  foam  configuration  which  provided  an  excellent  witness  as  to 
detonation  point.  There  have  been  several  hundred  tests  performed 
with  the  23mm  HEI  projectile  at  the  AFFDL/ASRF  and  the  reliability  of 
the  20  cm  delay  at  muzzle  velocity  has  been  well  established. 

4.  ULLAGE  SAMPLING  SYSTEMS 

The  entire  teat  program  was  dependent  upon  the  ability  to  obtain 
and  monitor  the  fuel/air  ratio  in  the  specimen  so  that  a stoichio- 
metric fuel/air  ratio  could  be  obtained.  Due  to  its  basic  simplicity 
and  need  for  no  special  instrumentation  or  equipment,  it  was  decided 
to  use  a technique  commonly  referred  to  as  a "bomb-sample"  system. 
Basically  the  system  consisted  of  a Hmall  pressure  vessel  approxi- 
mately 262  milli-liters  in  volume  into  which  ullage  gases  were  drawn 
and  then  ignited  with  the  peak  overpressure  being  used  to  measure 
combustibility.  The  ullage  sampling  system  was  physically  located 
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on  the  top  of  the  TWS  and  all  functions  of  the  ullage  sampling  system 
were  controlled  remotelv,  These  Included  solenoid  operated  valvea  at 
both  the  inlet  and  outlet  of  the  sample,  a high  energy  spark  ignitor 
which  fires  an  automotive  spark  plug  in  the  sampler,  and  other  solenoid 
operated  valves  controlling  the  source  of  the  sample. 

The  system  was  modified  twice  so  that  three  different  systems  were 
used  during  the  program.  The  three  different  systems  are  depicted  In 
Figure  No.'s  7 and  8.  System  1 sampled  from  a single  point  in  the 
circulation  'system.  The  t<  is  pressurised  to  3.5  K Pa  above  atmo- 
spheric pressure  in  order  for  the  ullage  mixture  to  flow  through  the 
sampler.  When  a sample  wns  taken,  both  Inlet  and  outlet  valveH  were 
opened  and  the  ullage  gases  were  allowed  to  flow  through  the  sampler 
until  a volume  of  gas  equal  to  five  times  the  volume  of  the  ullage 
sampler  (l.e.  1.31  liters)  passed  through  (the  flow  rate  was  established 
using  a rotometer  during  Initial  checkout).  It  was  assumed  that  the 
flow  through  of  1.31  liters  of  gas  would  thoroughly  purge  the  sampler 
of  all  gases  present  initially.  After  adequate  flow  through  was 
obtained,  the  Inlet  valve  wns  closed  and  the  outlet  valve  wns  left 
open  long  enough  for  the  sampler  to  be  vented  down  to  atmospheric 
pressure  (all  samples  were  tested  at  atmospheric  pressure).  Once  the 
sampler  was  Isolated  (i.e.  inlet  and  outlet  valves  closed)  the  spark 
Ignition  source  was  fired  and  the  peak  combustion  overpressure  was 
measured  from  an  oscillograph  recording  of  Hnmpler  pressure.  The 
entire  process  required  approximately  three  minutes  to  complete. 
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The  measured  ullage  sampler  overpressures  were  a function  of  the 
fuel/alr  ratio.  The  highest  overpressures  occur  at  a fuel/air  ratio 
which  will  be  referred  to  at  "optimum  for  combustion".  The  over- 
pressures obtained  from  mixtures  any  leaner  or  richer  would  result  In 
a lower  overpressure.  Thin  "optimum  for  combustion"  mixture  in  near 
stoichiometric  but  not  exactly  stoichiometric.  For  reasons  of  reaction 
kinetics  this  "optimum  for  combustion"  mixture  is  slightly  richer  than 
stoichiometric.  The  procedure  in  these  testa  was  to  initially  fuel  the 
TWS  with  JP-4  at  a low  enough  temperature  to  ensure  that  the  mixture 
would  be  an  the  lean  side.  Then  with  ambient  temperatures  generally 
higher  chan  0*C,  the  fuel  would  warm  up  and  the  fuel/air  ratio  woe'  * 
slowly  increase.  As  this  occured,  the  ullage  sampler  overpressures 
were  monitored  until  they  peaked  out,  signalling  an  "optimum  fc** 
combustion"  mixture.  The  projectile  was  then  launched  immediately. 

System  2 consisted  of  a slight  modification  to  System  1,  so  that 
the  sample  could  be  selected  from  either  of  two  locations  (the  circu- 
lation Bystem  or  the  top  center  rear  void  in  the  foam) . This  modifi- 
cation was  performed  so  aa  to  provide  additional  data  on  the  homogeneity 
of  the  fuel/alr  ratio  throughout  the  tank. 

System  3,  Figure  No.  8,  has  the  capability  to  select  samples  from 
any  of  nine  locations  in  the  tank.  The  major  difference  between  this 
system  and  previous  ones  is  that  the  ullage  sampler  was  evacuated  to 
less  than  .4  K Pa  absolute  pressure  and  then  filled  with  the  fuel/air 
mixture  from  the  tank  via  one  of  nine  supply  lines.  The  control  of 
the  entire  system,  including  monitoring  combustion  overpressures,  was 
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dona  via  a digital  data  acquisition  and  control  system.  This  system 
was  composed  of  an  HP  2100  mini-computer  with  associated  analog-to- 
digital  converters,  relay  outputs,  and  data  logging  devices,  the 
system  was  programmed  to  scan  up  to  all  nine  locations  and  print  out 
the  results  in  real  time.  The  program  description  and  listing  is 
Included  In  Appendix  /.,  The  speed  at  which  samples  could  he  taken 
was  slower  than  expected  due  mainly  to  the  restriction  of  flow  through 
the  very  small  orifice  valves  and  to  a leaser  extent,  the  restriction 
in  the  small  (1.59mm)  diameter  tubing.  The  small  diameter  tubing  was 
used  to  keep  the  volume  In  the  lines  between  the  sampler  and  the  TWS 
to  a minimum  (longest  line  was  0.7%  of  sample  volume).  The  sizing  of 
the  valves  in  future  experiments  should  be  done  so  that  the  valves 
represent  a small  portion  of  the  total  restriction.  It  is  felt  that 
sampling  speed  can  be  raised  to  six  or  mote  per  minute  as  opposed  to 
the  sampling  speed  of  one  every  45  seconds  attained  in  this  program. 

5.  TKST  SET-UP/PROCRDHRE8 

rhe  test  specimen  was  installed  in  the  Air  Force  Flight  Dynamics 
Laboratory/A  I rcraf t Survivability  Research  Facility  (AFFDL/ASRF) , 

Range  No.  3.  The  TWS  was  situated  in  the  middle  of  the  floor  on  a 
stand  which  raised  the  TWS  61  cm  off  the  floor.  This  was  done  in 
order  for  the  center  of  the  TWS  to  be  at  the  same  level  as  the  weapon. 
The  weapon  was  placed  outside  the  facility  approximately  ten  meters 
from  the  TWS.  See  Figure  No,  9. 
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Figure  No,  9 does  not  depict  a steel  protective  deflector  plate  imme- 
diately in  front  of  the  TWS.  This  deflector  plate  waa  incorporated 
into  the  teat  act-up  at  a later  time.  The  weapon  and  tank  were  oriented 
to  produce  an  impact  obliquity  of  0°  (i.e.  perpendicular). 

Two  16mm  motion  picture  cameras  were  uBed  to  record  the  events  on 
both  the  front  and  rear  aluminum  walls  of  the  TWS.  These  cameras  used 
color  Film  and  were  operated  at  250  frames  per  second.  There  were  four 
500  watt  lights  used  to  illuminate  each  wall. 

The  procedures  followed  for  each  teat  which  required  u fuel/alr 
mixture  were  as  followo: 

1.  Fill  and  drain  the  TWS  with  dP-4  conditioned  to  a temperature 
range  of  -18#C  to  7aC  depending  on  ambient  temperature. 

2.  Open  isolation  valves  on  circulation  system  where  applicable. 

3.  Start  fans  In  circulation  system. 

4.  Pressurize  the  TWS  to  3.5  K Pa  if  applicable. 

5.  Analyze  ullage  samples'  until  an  "optimum  for  combustion" 
fuel/air  ratio  is  reached. 

6.  Cnae  isolation  valves  on  circulation  system  if  applicable. 

7.  Fire  weapon. 

This  procedure  varied  slightly  for  some  of  the  tests.  For  example, 

Teats  No.  1 through  5 were  done  without  foam  and  did  not  incorporate 
the  circulation  system.  Test  No.  4 was  performed  with  JP-4  fuel  but 
only  approximately  20  liters  of  fuel  was  in  the  TWS.  For  Test  No.  6, 
foam  was  used  but  the  specimen  wai  filled  and  drained  with  JP-5  (high 
flash  point  hydrocarbon)  so  that  the  foam  could  be  wetted  without 
producing  an  explosive  mixture.  For  Tests  No.  25  through  No.  30  the 
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TVS  wait  not  pressurized  alnc«  It  was  not  needed  for  ullage  sample 
system  operation.  These  toat-to-test  particulars  are  addressed  in 
detail  in  Section  111. 

The  t«HtH  with  blue  foam  and  the  Astrocouted  loam  went  through 
n special  procedure  prior  to  the  Htnndard  ones  Hated  here.  It  wait 
determined  In  specific  tests  by  Mr,  T.  0.  Heed  (ASD/KNFKF)  that  blue 
foam,  when  Immersed  In  fuel,  Ionch  approximately  43T  of  Its  tensile 
strength  In  a very  short  period  of  time.  These  test,  data  are  presented 
In  Appendix  I).  These  data  Indicate  that  the  loss  in  tensile  strength 
occurs  in  approximately  15  minutes  after  Immersion  In  the  fuel.  Due 
to  this  high  loss  in  tensile  strength  whan  Immersed  In  fuel,  It  was 
felt  that  the  polyether  foam  should  be  tested  under  conditions  which 
would  ensure  that  the  loss  In  tensile  strength  had  occurred  prior  to 
projectile  Impact.  There,  were  two  procedures  used  to  ensure  this  loss 
in  tensile  strength.  These  were:  (l)  the  TWS  was  filled  with  .IP-4 

at  approximately  38°C  and  allowed  to  set  for  eao  hour  prior  to  the 
standard  fueling  procedure,  (2)  the  TWS  was  filled  with  «1l’-4  ut  ambient 
temperature  and  allowed  to  set  overnight  and  tested  the  following 
morning.  Astrocouted  foam  was  tr  .tied  in  the  same  manner  because  the 
coating,  "Astrocoat."  is  a poiyothor  urethane.  The  exact  method  used 
Cor  each  test  with  the  polycther  foams  or  the  Astrocoated  foam  Is 
detailed-  in  the  results  summary  of  this  report.  Section  111.4, 
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SECTION  111 
RE8U1.TS 


l.  HASEl.lNK  TESTS 

The  object  of  the  baseline  tests  was  to  obtain  an  attenuate  under- 
standing  of  the  measured  dynamic  pressures  resulting  from  the  detonation 
of  the  23  mm  HEl  projectile  Inside  the  TWS  and  to  perform  an  undefended 
test  (l.e.  no  foam,  with  stolchoimetr tc  mixture)  with  a Ml  cal.  AIM  and 
a 23  mm  HKl.  The  two  undefended  tests  were  done  in  order  ft*  underscore 
the  need  for  fuol  tank  inerting.  The  tests  No.  I - 6,  21,  24  fall 
under  the  baseline  category. 

Test  No.  1 through  4 were  performed  with  707^-Tb  aluminum  front 
and  rear  panels.  3'hese  panels  fractured  very  badly  due  to  the  pro- 
perties of  the  7075-T6  and  therefore  the  material  for  the  front  and 
rear  panels  was  changed  to  2024-1').  The  results  of  tests  No.  I through 
4 will  not  be  discussed  In  any  detail  since  they  were  repeated  with 
2024-T3  aluminum  panels,  During  these  four  tests  the  lust  rumen t at  loti 
was  debugged  and  It  was  felt  that  the  combustion  overpressures  could 
be  easily  distinguished  from  the  blast  shock  wave  type  pressures. 

Figure  No.  10  Illustrates  the  difference  In  the  response  of  the  two 
materials.  Doth  panels  shown  were  from  the  rear  of  the  TV)S  and  had 
been  subjected  to  a 23  mm  HF.l  detonation  inside  the  TWS  with  air  only 
(no  foam  or  fuel).  The  panel  on  the  left  was  from  Test  No.  S (2024-TD 
and  the  panel  on  the  right  was  from  Test  No.  1 (7l)7S-Th). 

The  change  to  2024-1')  aluminum  panels  prompted  a repeat  ot  the 
baseline  tests  due  to  the  greatly  Increased  tolerance  of  7074-Tl  to 
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ballistic  damage.  Teat  No.  5 was  the  flrat  teat  run  with  2024-T3  panela. 
It  was  performed  to  see  what  preaaure  histories  were  obtained  with  no 
foam  and  no  fuel  vapors  present  when  u 23  HEl  la  detonated  in  the.  TWS. 
Figure  No.  11  i»  a graph  of  pressure-  versus  time  for  Tjst  No.  5 and 
depicts  n series  of  pressure  oscillations  which  are  attributed  to  the 
blast  shock  wave  reverberating  inside  the  tank.  Also  evident  is  an 
abrupt  increase  in  quasi-static  pressure  at  impact  which  then  decays 
through  venting.  With  this  data  auper imposed  upon  a gentle  (by  com- 
parison) pressure  rise  due  to  the  combustion  overpressure*  it  was 
assumed  that  the  two  different  frequency  signals  could  be  easily 
distinguished,  during  the  baseline  teats  with  fuel. 

Test  No.  6 was  performed  next  to  answer  the  question  of  what  the 
presence  of  Internal  foam  does  to  the  measured  overpressures  due  solely 
to  23  HEl  detonation.  Figure  No.  12  is  a graph  of  pressure  versus  time 
far  this  test  and  depicts  a short  pressure  excurnion  followed  by  the 
decay  of  the  initial  3 K Pa  static  pressure.  As  compared  to  the  pressure 
history  with  no  foam  in  the  tank  it  can  be  seen  that  the  foam  greatly 
attenuates  blast  pressures.  These  data  meant  chat  there  should  be  no 
trouble  whatsoever  recording  combustion  overpressures  during  the  foam 
tests. 

Tests  No.  21  and  24  arc  baseline  tests  which  consisted  of  impuctlng 
a tank  containing  an  "optimum  for  combustion"  fuel/air  ratio  with  50 
cal.  API  and  a 23imn  HEl.  The  TWS  for  both  tests  did  not  contain  any 
foam*  ao  for  all  practical  purposes,  the  tanks  were  fuel  air  bombs. 
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Figure  11.  Pressure  History  for  Tent  No.  5 (2!)  mm  HEl  with  no  Foam) 


Figure  12.  Pressure  History  for  Test  No.  b (211  mm  HEl  with  Fonm) 
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Figure  No.  13  is  « composite  graph  of  pressure  versus  time  for 
test  No,  21  and  24.  The  peak  precaures  for  both  tests  were  approxi- 
mately the  same  at  330  and  340  K Pa  for  Tests  No.  21  and  24  respectively. 
Both  curves  exhibit  a very  rapid  drop  in  pressure  after  the  peak  which 
la  attributed  to  the  abrupt  failure  of  the  rear  wall  in  both  cases, 
However,  the  striking  difference  between  the  two  pressure  histories  is 
in  the  rise  times.  The  API  projectile  produced  a rise  time  of  32 
milliseconds  while  the  HE 1 projectile  produced  a rise  time  of  approxi- 
mately 6 milliseconds.  The  extremely  fast  rise  time  with  the  HB1  is 
attributed  to  the  size  of  the  Ignition  source  as  compared  to  an  API 
projectile.  The  larger  the  ignition  source,  the  lesB  time  required 
for  the  total  combustion  process.  Figure  No.  14  indicates  the  severity 
of  the  damage  resulting  from  these  tests.  As  can  be  seen,  almost  the 
entire  rear  wall  of  the  tank  was  blown  out.  The  results  depicted  in 
Figure  No.  14  are  typical  for  both  Test  No.  21  and  24. 


Figure  13.  Comparison  of  Overpressure  Histories  (50  cal.  APT  and 
23  mm  HEX,  Stoichiometric  Mixture,  no  Foam) 
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2.  COMPARISON  OF  FOAMS 

As  was  stated  earlier  the  objective  of  this  program  was  to  evaluate 
the  ballistic  performance  of  the  new  polyether  urethane  (blue)  foam 
against  the  polyester  urethane  foams  (red  and  yellow) . The  results  of 
the  foam  tests  will  be  included  in  this  section  along  with  the  results 
of  the  Explosafe  tests. 

The  criteria  used  for  evaluation  of  the  explosion  suppression 
materials  include  combustion  overpressure  and  physical  damage  to  the 
materials.  The  combustion  overpressure  data  will  be  used  as  the 
primary  measure  of  performance  and  the  mechanical/physlcal  damage 
will  be  secondary  and  serve  to  back-up  the  overpressure  data.  The 
motion  picture  coverage  will  also  be  used  for  a rough  cross  check. of 
results  since  any  combustion  overpressures  occurring  in  the  TWS  will 
be  easily  seen  with  the  two  cameras. 

The  description  of  the  results  will  be  broken  down  into  the 
following  series:  fully  packed  foam,  voided  (egg  crate)  foam,  Astro- 
coated  red  foam,  and  Explosafe.  A summary  of  the  results  is  presented 
in  Section  III. 4.  Teat  Results  Summary.  Listed  is  a pressure  decay 
time  which  can  be  used  to  identify  minimal  combustion  inside  the  TWS 
that  does  not  produce  a measureable  overpressure. 

a.  Fully  Packed  Foam 

There  were  four  tests  performed  in  this  series;  Test  No.  11 
(red  foam),  Test  No.  16  (yellow  foam),  Test  No.  17  (fine  pore  blue 
foam),  and  Test  No.  18  (coarse  pore  blue  foam).  Each  of  these  tents 
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wan  performed  only  with  the  23mm  IIEI  projoctile  (50  cal.  API  not  uaed 
for  this  series).  The  results  for  all  four  teats  were  virtually 
identical.  Figure  No.  15  ia  a graph  of  pressure  versus  time  for  this 
series  of  tests.  The  pressure  histories  for  each  of  the  testa  fell 
within  the  band  indicated.  The  mechunical/physlcal  damage  to  the  foam 
for  each  test  was  also  virtually  identical.  There  was  no  noticeable 
difference  between  the  polyether  and  the  polyester  foams  in  the  size 
of  the  pocket  produced  by  the  23mm  HE!  detonation.  Figure  No.  16  and 
17  are  photographs  of  the  different  pockuts.  The  volume  of  foam  wiped 
out  wuh  approximately  1.1  liters.  Figure  No.  1U  and  19  compare  the 
damage  to  the  exit  panels  for  t he  tests  performed  in  this  series. 


Figure  15.  Overpressure  Histories  fur  Fully  Packed  Foam  (23  mm  HE 11 
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Ooarso  Htuo  Foam  (Tost  No.  1H,  right) 
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’■'Igutv  18.  Comparison  of  Kxlt  Panels,  Coarse  Hluo  foam  (Top, 

Tost  No.  18)  anil  Ye  1 low  Tonm  (Hot tom.  Tost  No.  l(i), 
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Figure  19.  Comjvir Lm>n  of  Kxit  Panola,  Fine  Blue  Foam  (Top, 
Teat  No.  17)  and  Rod  Foam  (Bottom,  Teat  No.  11), 
'■'ul  lv  Paeked  Configuration 
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b.  Voided  Foam 

There  wore  nine  teats  performed  in  thin  series;  Teats  No.  7 
and  8 (red  foam).  TeBts  No.  9 and  10  (yellow  foam),  Testa  No.  12,  13 
and  15  (fine  pore  blue  foam),  and  Tests  No.  14  and  19  (coarse  pore  blue 
foam).  Each  type  of  foam  was  tested  with  both  the  50  cal.  API  and  the 
23mm  HEI,  Test  No.  13  is  a repeat  of  Teat  No.  12  due  to  the  failure  of 
the  Incendiary  in  the  50  cal.  API  to  activate  properly  on  Teat  No.  12 
(activated  near  the  rear  wall).  Some  variation  in  results  were  encoun- 
tered. However,  in  no  case  did  the  combustion  overpressure  exceed  the 
flame  tube  test  data  presented  in  Appendix  B.  These  data  were  gathered 
using  the  test  techniques  described  in  MIL-B-83054A. 

The  results  will  be  discussed  for  each  projectile  independently. 

The  50  cal.  API  projectile  generally  produced  very  little,  if  any, 
combustion  overpressure  with  one  exception.  That  exception  was  for 
Te«t  No.  9 with  the  yellow  foam  when  a 27.8  K Pa  overpressure  was 
recorded.  This  overpressure  is  in  the  range  of  what  can  be  expected 
as  the  data  in  Appendix  B ^how. 

The  physical  damage  to  the  foam  for  this  test  consisted  of 
singeing  on  the  surface  of  the  foam  voids  caused  by  the  combustion 
of  the  fuel/air  mixture.  The  singeing  was  not  present  on  any  of  the 
other  eight  tests  in  this  series.  The  motion  picture  data  corroborates 
the  pressure  data,  showing  smoke  being  forced  out  of  the  entrrnce  and 
exit  holea  for  an  extended  period  of  time. 

It  should  be  noted  that  on  Test  No,  12  (improper  API  functioning), 
the  fine  pore  blue  foam  actually  burned  in  the  tank  (smoldering)  for 
approximately  90  seconds.  This  produced  a burned  out  pocket  shown  in 
Figure  20. 
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Tli  1 h reaction,  whereby  the  fonm  smolders  1b  usually  confined  to  tests 
with  dry  foam  but  there  have  been  other  occurrences  of  red  foam  actually 
smoldering  after  bulllBtie  impact. 

The  results  with  the  23mm  III' t were  very  similar  to  those  obtained 
with  the  K)  cal*  Al’l.  The  2 1mm  lb  ' did  tv>*  produce  any  signtf  leant 
overpreHBureH . Some  overprenHttre  waa  recorded  for  each  of  the  tests 
and  la  summed  up  In  a pressure  history  curve  presented  la  Figure  21. 


FI  pure  21.  Overpi cssure  Histories  for  Vo t del  Foam 
123  mm  II HI ) 

The  combustion  overpressure  data  from  each  ot  the  roar  tents  with  23mm 
ItlU  fell  within  t ho  hand  shown.  Note  the  faster  decay  time  for  this 
data  as  opposed  to  the  API  which  Is  attributed  to  the  Increased  vent  lnp, 
via  the  multiple  fragment  holes  In  the  rear  panel.  Figures  No.  22  and 
23  compare  the  same  to  the  exit  panels  for  tests  performed  with  23mm 
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FlH“.rt»  22,  Comparison  of  Kxlt  FowoIh,  Moo  Bluo  I'oam  (lop 
Tost  No.  15)  anil  Roil  Foam  (Bottom,  Tost  No.  8) 
K.ru  Crato  Volillnp  Configuration 
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Comparison  of  lixlt  Pnnols,  Courno  Blue  Koani  (Top,  Tost  No.  14) 
and  Yellow  Koani  (llottann,  Tost  No.  10),  Kpp,  Crnto  Voiding 
Cor.  f li'iirat.  ion 
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All  of  che  photographic  data  corroborates  the  pressure  data  which 
Indicates  no  significant  combustion  overpressures.  The  Initial  increase 
in  pressure  shown  in  Figure  No.  21  is  attributed  to  blast  products  or  to 
limited  combustion  of  fuel  vapor  in  the  immediate  vicinity  of  the  blast. 
There  was  definitely  no  flame  propagation  inside  the  TWS  as  a result  of 
the  23mm  HEX  impacts. 

There  was  one  factor  affecting  the  combustion  overpressures  in  this 
aeries  that  should  be  noted.  This  series  of  tests  was  performed  with 
the  initial  circulation  svatem.  Tlu>  initial  circulation  system*  which 
wsb  actually  part  of  the  TWS,  had  a volume  equal  to  ?.0%  of  the  basic 
TWS.  But,  there  was  no  combustion  in  the  circulation  system  due  to 
foam  plugs  at  the  entrance  and  exit  of  each  tube.  Therefore,  the 
circulation  system  served  as  a volume  into  which  any  overpressures  in 
the  tank  could  relieve  and  thereby  effectively  lower  the  peak  pressure. 

e.  Aatrocoated  Red  Foam 

There  were  two  tests  performed  in  this  series;  Test  No.  25 
(50  cal.  API)  and  Test  No.  26  (23mm  HE1).  The  foam  configuration  for 
these  testa  was  the  "egg  crate"  voiding.  The  basic  TWS  was  changed 
slightly  for  this  series  and  all  later  tests.  The  circulation  manifold 
was  isolated  from  the  main  tank  beginning  with  thiB  series  of  tests  as 
is  explained  in  Section  11  of  this  report. 

The  results  for  these  two  tests  were  Blight ly  different  from  the 
previous  voided  foam  tests.  The  amount  of  physical/mechanical  damage 
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from  Che  23mm  HEX  wee  unchanged,  but  the  overpressures  for  both  pro- 
jectiles wee  higher  than  the  average  for' the  voided  foam  aeries.  The 
pressure  history  for  these  tests  Is  presented  in  Figure  Mo.  24.  Figure 
No.  25  Is  a photograph  showing  the  damage  to  the  exit  panel  for  the  two 
tests  performed  In  this  aeries. 


0 .1  .2  .3  .4  .5 


sec. 

Figure  24.  Overpressure  Histories  for  ABtrocoated  Foam 

These  overpressures  are  slightly  higher  and  can  be  attributed, 
at  least  in  part,  to  the  isolation  of  the  circulation  Bystem  which 
permitted  aome  pressure  relief  on  previous  tests.  These  two  tests 
were  performed  in  succession  and  the  foam  wbb  not  changed  between  the 
50  cal.  API  impact  and  the  23mm  HEI.  After  the  23mm  HEX  test  the  tank 
was  opened  and  the  foam  examined.  Singeing  of  the  foam  was  observed 
on  two  of  the  rear  pieces  of  foam  indicating  combustion  had  taken 
place.  The  movie  data  also  corroborated  the  overpressure  data  for  the 
50  cal,  API  test  by  indicating  sustained  venting  from  the  exit  holes. 
The  pressure  and  movie  data  Indicate  that  the  foam  Bingeing  occurred 
with  50  cal.  API  and  not  with  the  23mm  HEI. 
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Figure  25.  Exit  Panel,  AHtroeoated  Red  Foam,  Egg  Crate  Voiding- 
Configuration  (Test  No.  26) 


AFFDL-TR- 76-98 


d,  ExploBUf e 

There  were  three  teats  performed  in  this  series;  Teat  No.  20 
and  27  (50  cal,  API)  and  Test  No.  28  (23mm  HEI).  Each  test  was  con- 
ducted with  the  Explosafe  "solid  packed"  in  the  TWS  and  the  same  set 
of  Explosafe  was  used  for  all  three  tests.  The  results  for  Tost  No. 

20  will  be  treated  separately  due  to  the  unusual  results.  Test  No.  20 
was  conducted  using  the  TWS  which  incorporated  the  original  circulation 
system.  This  circulation  system  could  not  be  isolated  from  the  TWS  and 
therefore  used  small  pieces  of  red  foam  to  prevent  flames  from  entering 
the  circulation  system.  On  this  particular  test  the  flame  front  pro- 
pagated into  the  circulation  system  and  produced  an  explosion  which 
caused  significant  damage  to  the  circulation  system.  The  fact  that 
the  flame  front  traveled  to  the  side  of  the  tank  indicates  that  com- 
bustion occurred  throughout  most  of  the  tank,  The  pressure  data  is  of 
questionable  value  due  to  the  explosion  in  the  manifold  and  therefore 
very  little  could  be  deduced  from  this  test  as  to  performance  of  the 
metal  arrestor. 

The  test  of  the  metal  arrestor  with  50  cal.  APT  was  repeated  alter 
the  TWS  was  repaired  and  the  modified  circulation  system  installed. 

Test  No.  27  was  the  repeat  of  Test  No.  20  and  resulted  In  no  mensurable 
overpressures.  This  indicates  that  there  was  no  significant  combustion 
in  the  TWS,  which  is  contrary  to  the  results  of  Test  No,  20.  The 
mechanical  damage  to  the  metal  arrestor  from  the  50  cut.  API  consisted 
of  a hole  completely  through  the  metal  arrestor  ranging  from  2 to  b 
cm  in  diameter.  Test  No.  28  was  performed  with  the  23mm  HEI  but 
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unfortunately  no  overpressure  data  was  recorded  due  to  a magnetic  tape 
transport  malfunction.  But,  from  movie  data,  it  was  determined  that 
there  were  no  significant  combustion  overpressures  due  to  the  obvious 
lack  of  any  venting  gases.  The  mechanical  damage  to  the  metal  arrestor 
was  significantly  worse  than  observed  with  the  foum.  Figure  No.  26  is 
a photograph  showing  the  large  cavity  in  the  Explosafc  from  the  HEl 
blast.  Figure  No.  27  is  a photograph  showing  the  damage  to  the  exit 
panel  for  Test  No.  27  and  28. 

3.  DRY  FOAM  TESTS 

The  combustion  overpressure  data  for  this  overall  program  generally 
ran  lower  than  predicted  from  flame  tube  data.  The  primary  reason  for 
the  difference  is  that  these  tests  were  conducted  using  wet  foam  (holding 
JP-4)  as  opposed  to  dry  foam  in  the  flame  tube  tests.  Wet  foam  is  u 
better  flame  arrestor  than  dry  foam.  ~ 

Test  No.  29  (50  cal.  API)  and  Test  No.  30  (23mm  HEX)  were  performed 
to  verify  this  phenomena  if  possible.  For  these  tests  JP-4  was  pumped 
into  the  bottom  of  the  tank  only  (approximately  40  liters)  and  the  vapors 


42 


AFFDL-TR-78-98 


dispersed  via  the  circulation  system.  Test  No.  29  and  30  both  resulted 
in  a significant  increase  in  the  combustion  overpressure.  Both  tests 
were  performed  with  coarse  blue  foam  in  the  "eRg  crate"  voiding  confi- 
guration and  there  was  singeing  of  the  foam  throughout  the  tank  which 
indicated  combustion  occurred  in  a large  majority  of  the  TVS.  Figure 
No.  28  shows  a pressure  history  for  both  testa  performed  in  this  scries, 
Figure  No.  29  is  a photograph  showing  the  damage  to  the  exit  panel  for 
Test  No.  30,  performed  with  the  23mm  HEI. 
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Figure  28.  Overpressure  Histories  for  Dry  Foam 
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I'iguru  29,  Exit  l’nm.'l,  Dry  Foam,  Course  Blue  l’oam,  Egg  Grata 
Voiding  Configuration  (Teat  No.  30) 
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SECTION  tV 

DISCUSSION  OK  RESULTS 

The  single  most  importune  aspect  of  thmo  Lasts  was  controlling 
and  monitoring  the  ullage  fuel/air  ratio  in  the  TWS.  The  use  of  In- 
ternal foam  or  metal  arrestor  complicated  this  task.  If  no  foam  wits 
used,  ns  in  some  of  the  preliminary  tests.,  the  controlling  of  the 
mixture  would  be  fairly  easy,  It  woh  found  that  a simple  snail  fan 
can  be  incorporated  into  the  ullage  space  to  effectively  "mix  up"  the 
ullage  to  ensure  a homogeneous  fuel/air  ratio.  With  the  foam  present 
in  the  tank,  a fan  inside  will  not  effectively  circulate  the  mixture 
due  to  the  high  restriction  to  flow  which  the  loam  presents.  The 
system  that  was  developed  for  tills  mixing  effectively  pulls  gases  out 
of  one  side  of  the  tank  and  returns  the  gases  in  the  opposite  side  of 
the  tank  resulting  in  the  circulation  of  gases  In  a loop.  It  was  felt 
that  IhlH  circulation  system  does  an  extremely  effective  Job  at  "mixing 
up"  the  ullage  gases.  This  was  proven  with  the  nine  point  ullage 
sampling  system  on  several  tCHts.  Before  the  circulation  fans  were 
started  samples  were  taken  which  Indicated  large  diflerences  In  the 
fuel/nlr  ratio  throughout  the  tank.  Within  three  minutes  after  the 
circulation  fans  were  started  the  fuel/nlr  ratios  were  equalised 
throughout  the  tank.  It  Is  a quite  reasonable  assumption  that  the 
optimum  conditions  for  combustion  in  the  TWS  will  correspond  to  the 
highest  overpressures  In  the  ullage  sampler.  It  is  the  authors' 
opinion  that  this  ullage  sampling  system  Is  extremely  effective  and 
yet  very  simple  in  theory  and  practice. 
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The  results  of  the  comparisons  of  the  foatnB  indicate  that  there  in 
no  discernible  difference  in  performance  between  the  polyether  urethane 
and  the  polyester  urethane.  One  of  the  criticisms  of  the  polyether 
urethane  foams  was  that  they  would  lose  a significant  amount  of  ten- 
sile strength  in  the  presence  of  .11-4.  However,  there  was  no  apparent 
increase  in  damage  to  the  poiyother  foams  as  opposed  to  the  polyester 
type.  Also,  from  handling  and  observing  the  foams  after  removal  from 
the  TWS,  there  appeared  to  bo  no  difference  whatsoever  between  the  two 
types  of  foam.  In  fact,  it  Is  the  authors'  opinion  that  if  both  types 
of  foam  were  of  the  same  color,  it  would  be  virtually  impossible  to 
distinguish  the  two  types  either  before  or  after  a test. 

The  motion  picture  coverage  was  very  valuable  in  corroborating  the 
TWS  overpressure  histories  from  pressure  instrumentation  data.  In 
every  case  where  there  was  no  sustained  combustion  overpressure  the 
motion  picture  coverage  indicated  no  gases  being  forced  out  of  the 
entrance  and  exit  holes  ov  only  an  Initial  spurt  immediately  after 
the  23  mm  11EI  blast,  If  a sustained  combust. ion  overpressure  was  indi- 
cated on  the  in,  truirentation  the  motion  picture  coverage  clearly  Indi- 
cated gases  being  forced  from  entrance  and  exit  holes  for  an  extended 
umount  of  time. 

The  mechanism  by  which  the  foam  prevents  flame  fronts  from  pro- 
pagating or  explosions  from  occurring  was  of  some  interest  In  this 
program.  The  combustion  overpressure  data  from  the  tests  In  this 
program  were  generally  lower  than  anticipated,  a, id  in  most  cases  there 
were  no  combustion  overpressures  at  nil.  Ibis  raised  the  question  of 
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what  la  the  difference  between  theae  testa  and  thoBe  teats  done  in  the 
flame  tube  at  AFAPL?  The  main  difference  la  the  use  of  ballistic  pro- 
jectiles In  this  program  aa  apposed  to  a spark  ignition  source  ir  the 
flame  tube  teats.  However,  the  50  cal.  API  and  the  23mm  HBI  used  In 
thia  program  produce  a larger  and  more  intense  ignition  source  than  a 
spark  and  would  therefore  tend  to  produce  higher  overpressures  and  not 
lower  ones.  The  venting  from  the  entrance  and  exit  holes  und  into  the 
circulation  system  in  some  tests  effectively  lowered  the  overpressures 
but  not  to  the  extent  that  was  seen.  The  only  other  major  difference 
was  the  fact  that  the  foam  was  wetted  with  JP-4  in  these  teats  where 
aa  the  foam  in  the  flamu  tube  is  tested  dry.  The  two  testa  conducted 
with  dry  foam ‘In  thia  program  succeeded  In  verifying  that  the  wet  foam 
does  perform  significantly  better.  One  theory  ns  to  how  the  foam  works 
is  that  the  foam  itself  acts  as  a heftt  sink  to  which  heat  from  the  flame 
front  is  transferred . This  heat  transfer  from  the  flame  lowers  the 
temperature  of  the  reaction  enough  to  alow  the  reaction  rate  dramati- 
cally or  actually  stop  the  reaction  totally.  Some  of  the  factors  which 
would  affect  thia  would  he  surface  to  volume  ratio  of  the  heat  sink 
(l.e.  foam  and/or  fuel  droplets),  specific  heat  of  the  heat  sink  (l’.p), 
and  the  latent  hout  el  vaporization  of  the  fuel.  The  wet  foam  has  more 
rnasa  and  therefore  Is  a greater  heat  sink.  It  also  effectively  in- 
creases the  surface  to  volume  ratio  of  the.  foam.  The  specific  heat 
of  urethane  and  fuel  are  approximately  the  same,  therefore  the  fuel 
would  not  effectively  Increase  the  specific  he  it  of  the  foams. 

There  is  u differ  i*iu*e  In  the  amount  of  fuel  retained  in  the  foam 
depending  upon  the  drain  rate,  lira  In  rate  will  he  defined,  for  the 
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purposes  of  this  report,  aa  the  rate  at  which  the  level  of  the  liquid 
JP-4  dropa  through  the  foam.  For  this  program  the  drain  ratea  were  in 
the  neighborhood  of  15  cm  per  minute  and  were  not  controlled  or  thought 
to  be  of  any  significance  during  the  initial  teat  planning  or  moHt  of 
the  testing.  Only  after  the  ovcrprcHBure  data  was  observed  to  be  low 
for  nearly  all  testa  waa  this  considered.  Drain  rates  In  the  neighbor- 
hood of  2.3  cm  per  minute  are  conaidered  to  be  typical  in  moat  aim  aft 
which  ia  significantly  lower  than  uBed  for  these  teats.  It  waa  docu- 
mented by  Nr.  T.  0.  Reed  (ASD/F.N)  via  simple  fuel  retention  tests  (data 
presented  in  Appendix  C)  that  there  fs  an  average  25%  increase  In  fuel 
retention  at  n drain  rate  of  14  em/mlnute  as  opposed  to  a 2.3  cm/minute 
rate.  There  could  conceivably  be  a difference  In  the  performance  of 
the  foam  with  different  umounta  of  fuel  retention.  This  was  not  inves- 
tigated since  it  was  felt  that  it  was  beyond  the  scope  of  the  program. 

The  photographs  of  the  exit  panel  damage,  which  are  presented  in 
Section  III,  do  not  indicate  any  clear  differences  in  damage  levels 
between  polyether  und  polyester  foams.  There  are  some'  small  differences 
between  the  photographs  presented,  but  these  differences  do  not  follow 
any  pattern  und  are  attributed  to  tost-to-test  variations  in  damage. 
Also,  the  tests  with  Astrocoated  foam,  dry  blue  foam,  and  Kxplonafo  did 
not  exhibit  any  marked  changes  in  exit  panel  damage.  Therefore,  for 
all  of  the  explosion  suppression  materials  tested,  there  did  not  appear 
to  he  any  marked  difference  in  exit  panel  dumuge. 

It  should  he  noted  thut  the  results  obtulnod  (the  overpressure 
histories  In  particular)  are  peculiar  to  this  test  set-up  and  can  very 
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well  be  different  for  a different  test  specimen.  For  example,  the 
overall  volume  and  the  amount  of  venting  will  have  a significant  Impact 
on  the  overpressure  history,  These  tests  are  meant  to  be  used  as  a 
basis  for  comparing  different  explosion  suppression  materials  within 
the  test  program.  Any  comparison  of  results  between  test  programs 
must  be  done  carefully. 
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SECTION  V 
CONCLUSIONS 

From  the  results  of  the  tests  conducted  In  this  program  the  follow- 
ing cone  Inal  on  a are  present  oil: 

It  The  new  hybrid  polyether  nretliane  loams  (l.o.  blue  foams) 
performed  as  well  as  the  standard  polyester  urethane  foams  (l.o.  red 
and  yellow  loams)  bullistleally. 

2.  The  hybrid  polyether  urethane  foam  experienced  a loss  in 
tensile  strength  when  in  a fuel  environment.  This  reduction  in  tensile 
strc'ngth  vsh  not  enough  to  affect  the  ballistic  performance  of  the 
hybrid  polyether  nrethane  foam. 

3.  The  ballistic  performance  of  the  Astroconted  red  foam  is 
equal  to  that  of  the  uncoated  red  foam. 

4.  The  limited  data  indicates  that  the  metal  arrestor,  Kxplosafe 
works  as  an  explosion  suppressant  material,  but  a broader  data  base  Is 
needed  before  it  can  be  incorporated  into  any  weapon  system. 

5.  The  performance  of  foam  is  significantly  Increased  when  it 
is  wetted  with  JF-4. 

6.  In  the  fully  packed  configuration,  the  coarse  and  fine  pore 
foam  perform  equally  well.  In  the  voided  configuration,  up  to  22. f>%, 
both  coarse  and  fine  pore  foam  perform  adequately  with  insignificant 
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SECTION  VI 
RECOMMENDATIONS 

Du«  to  the  marked  increase  in  the  level  of  ballistic  performance 
of  the  foam  when  wet,  it  io  suggested  that  a separate  program  be  con- 
ducted to  investigate  in  detail  the  effectB  of  fuel  retention.  The 
program  should  attempt  to  quantify  the  increases  in  performance  ns  a 
function  of  fuel  cetentltn  end  investigate  the  use  of  higher  voiding 
percentages  and/or  larger  pore  size  foams  since  present  technology  is 
probably  in  an  "overkill"  mode.  Many  present  aircraft  installations 
are  probably  accepting  higher  fuel  retention/weight  penalties  than 
nacsasary. 

In  any  future  experiments  with  foam  in  any  type  of  tank  where  JP-4 
la  being  used  end  an  optimum  fuel/air  ratio  ie  required,  It  is  recom- 
mended that  e circulation  system  be  Incorporated  into  the  teat  specimen. 
There  could  be  several  improvements  made  to  this  system  which  would 
significantly  reduce  the  complexity  of  the  system.  Primarily,  a better 
fan  or  blower  could  be  found  which  would  pump  approximately  14  liters/ 
second  at  a reasonably  high  Ap  across  the  fen  or  blower.  It  was  the 
leek  of  e capability  to  produce  a high  Ap  across  the  fans  used  in  this 
test  which  dictated  the  use  of  the  large  diameter  ducts  so  that  flow 
reetr let ions  could  be  minimized. 
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APPENDIX  A 

ULLAGE  SAMPLING  SYSTEM 
Controlling  Program 
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Main  Program  Bomb 


This  program  controls  entrance  Into  one  of  four  tasks  by  requesting 
Input  from  TTY  (type  in  number  l,  2,  3,  or  4). 


Task  // 
Initiate  1 
Calibrate  2 
Manual  3 
Scan  4 
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TASK  _ Inttiato 

The  TTY  will  auk  for  tlu?  program  constants  to  bo  Input  on  the 
photo  reader.  Input  will  be  free  field  .md  will  require  4 data  pointH. 

lSUl’.T.  iril.T,  US,  I.OOKT  (!R  1.1' 

ISUCT  “ time  in  seconds  needed  to  vacuum  out  tin1  sample 
Il’Il.T  = time  in  .seconds  to  fill  the  sample 
CS  » value  of  the  eal  step  in  pul 
L.OOKT  - number  of  times  thru  loop  to  lock  for  peak  pressure 

TASK  p.  Calibrate 


The  TTY  will  request  preasure  channel  be  zeroed.  1'reas  WUN  when 
zeroed.  Then  the  TTY  will  request  pressure  channel  be  set  on  desired 
cul  step,  Press  RUN  when  properly  calibrated.  The  TTY  will,  then 
print  the  voltage  at  zero  and  at  the  cal  step. 


TASK  II 3 Manual 


Under  this  task  bits  4 thru  .14  on  the  SW  register  are  output  to 
the.  relay  card  thereby  controlling  the  eleven  valves  only.  Il  also 
monitors  bit  0 for  abort  commando.  All  other  bits  are  masked  out 
and  control  nothing. 

vvv  vvvvvv  vv 

li  10  9 8 7 6 5 4 3 2 1 abort 

,15'.  (14  13/  12  li  10  9 8 7 6 5 4 3 2 U (0 

TASK  H Scan 


This  task  scans  all  9 sumpllng  ports  taking  bomb  samples  at  each 
port.  This  task  simply  is  composed  of  a do  loop  lor  the  9 samples. 
Each  time  through  the  loop  the  sample  is  readied  for  the  ignition  and 
then  sparked  and  the  peak  pressure  is  recorded. 
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080! 

0002 

000  3 

0004 

0005 

0006 
0007 
0006 

0009 

0010 

001  1 
0012 

0013 

0014 

0015 

0016 

0017 

0018 

0019 

0020 
0021 
0022 


10 

12 

15 


PROGRAM  BOMB 

COMMON  ISUCT*  IFILT*  ZERO/ 

IF< I SSW  < 3 > > 12/20 


CS*  CAL*  LOOKT* IDATA 


VPITEC2*  i 5) 

F ORMATt  "# TASK'*//"  1 

•<2  CAL  I BRATE"  /**  3 


INITIALIZE*** 
MANUAL" /"4 


/* 


20  WRI  TE<  2*  30) 

30  FORMAT< "ENTER  TASK 
READ<  1**)  it 
IF( I T- 2 ) 40* 50*  60 

35  F0RMAT<"1NPUT  CONSTANT  TAPE  ON  PHOTO  READER") 
READ<  5*  *)  ISUCT*  IFILT*  CS*LOOKT 


GO  TO  10 
50  CALL  CALI B 
GO  TO  10 
60  I F(  I T-4)?0*  80 
70  CALL  MANUL 
GO  TO  10 
80  CALL  SCAN 
GO  TO  10 
END 


SCAN") 


0001 

ASMB*  P 

:*  B 

0002 

NAM 

WAIT 

0003 

ENT 

wait 

0004 

EXT 

* ENTR 

0005 

ICNTR 

BSS 

2 

0006 

WAIT 

NOP 

0007 

J SB 

.ENTR 

0006 

DEF 

ICNTR 

0009 

LDA 

ICNTR* I 

0010 

CMA 

001  1 

INA 

0012 

STA 

JCNTP 

0013 

LDA 

ICNTF+1* I 

0014 

OTA 

10B 

0015 

LOOP 

STC 

1 0B*  C 

0016 

SFS 

10E 

0017 

JMP 

*-  1 

0018 

ISZ 

JCNTR 

0019 

JMP 

LOOP 

0020 

JMP 

WAIT*  I 

0021 

JCNTP 

DEC 

0 

0022 

END 

f.n 
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000  1 
0002 

0003 

0004 

0005 

0006 
000? 
0008 

0009 

0010 
001  1 
0012 

0013 

0014 

0015 

0016 

0017 

0018 

0019 

0020 
0021 
0022 

0023 

0024 
002  5 
0026 

0027 

0028 
0029 
0000 

0031 

0032 

0033 

0034 

0035 

0036 

0037 

0038 

0039 

0040 

0041 

0042 

0043 

0044 

0045 

0046 

0047 

0048 

0049 

0050 

0051 

0052 

0053 

0054 
00  55 
0056 
00  57 
0058 
00  59 


SUBROUTINE  SCAN 
DIMENSION  I V<  9 ) , PMAX( 9 ) 

COMMON  ISUCT, I F ILT, ZEP 0, C S, CAL, LOOKT, IDATA 
IV< 1 >«2e0208 
IV<2)«20040B 
lV<3)«20ie0B 
IV<4)«20200B 
IV<  5>«2040CE 
I V<  6 ) *2 1 000B 
IV<7)»22000B 
I V<  8 > “24000B 
IV<9)*30000B 
i 1 WRITE<2,  10) 

10  F OPM AT < "PRESS  RUN  TO  SACN") 

PAUSE 

C CHICK  FOP.  ABORT 

IFCISSWC0)) 1 00/ 12, 12 

C******************************* 

12  DO  99  1 = 1,9 
C OPEN  V10,V1 1 

CALL  RELAY ( 60 0 00B ) 

CALL  WAITC  2 SUCT, 4) 

C CHECK  FOR  ABORT************ 

IF< ISSW(0) ) 13,  14, 14 

13  CALL  RELAY  < 0 ) 

GO  TO  30 

14  CONTINUE 

C****************************** 

C CLOSE  VI 1, LEAVE  V10  OPEN, OPEN  V(I> 

CALL  RELAY< I VC  I ) ) 

CALL  VAIT<  IFILT,4) 

CLOSE  ALL  VALVES,  START  OSCILLOGPAPH 
CALL  RELAY< IB) 

CALL  WAITC  5, 3 ) 

C TURN  ON  SPARK,  TURN  OFF  OXCILLOGPAPH  START  PULSE 
CALL  RELAY< 100000B) 

PMAX< I )*0. 

DO  98  J = 1 , LOOKT 
CALL  ADC 

X*IANDC IDATA, 577700B) 

PCUR»< <X/3276.8)-ZER0)*CS/CAL 
I F < PMAVC ( I ) -PCUR)  50,98 
50  PMAX< I ) *PCUP 

98  CONTINUE 

C STOP  SPARK,  STOP  OSCILLOGRAPH 
CALL  RELAYS 10B) 

CALL  WAITC 1,3) 

CALL  RELAY ( 0 ) 

99  CONTINUE 

IF<  ISSVC  1 ) )20,30,  30 
20  WRI TEC  2,25) 

25  F OPMAT < ” #1  #2  <*3  *4  #5  #6", 

1"  #7  #8  #9”//) 

30  I «I - 1 

WRI TEC  2, 35) C PMAXtK ) , K* 1 , I ) 

35  FORMAT'' 5,  F4.  !,2X)//> 

I F ( I S 5’ ' ' 2)  ) 1 1 , 100,  100 
100  CONTIN"r 
PETUFM 
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eeei 

0002 

0003  C 

0004 

0005 

0006 
0007 
0006 

0009 

0010 
0011 
0012 
0ei3 

0014 

0015 

0016 

0017 

0018 

0019 

0020 
0021 
0022 

0023 

0024  C 

0025 

0026 

0027 

0028 

0029 

0030 


SUBPOUT INE  CAL  IB 

COMMON  1 It J* ZEFO* CS* CAL>L> IDATA 

OPEN  VI  THRU  V10 

CALL  RELAY < 377 60E) 

VP.l  TE<  2*  10) 

FORMATC’ZEPO  PFES.;  PFESS  RUN  > 
PAUSE 

1F< 1 SSW<  0) ) 50.»  1 5 
2EPO-0. 

DO  16  1*1* 10 
CALL  ADC 
CALL  VAITC 1 i 3 > 

X-IAND< I DATA* 177700B) 
ZEF0«ZER0+X/32768. 

URITEt  2i 30) 

FOPMAT<  "CALi  CH.#0"/")PRE5S  PIN’) 


10 


1 5 


1 6 


30 


PAUSE 

CAL-0 

DO  31  I ■ 1#  10 
CALL  ADC 
CALL  WAIT<  L3) 

X-1AND< I DATA* 177700B) 

31  CAL*CAL>X/327  68 • 

CLOSE  VI  THRU  V10 
CALL  RELAYC0) 

UP I TEC  2#35)ZEP0* CAL 
35  F0FMAT<F4«2* 4X* F4.2) 

50  CONTINUE 
RETURN 

END  S6 
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0001 

0002 

0003 

0004 

0005 

0006 
0007 
0006 

0009 

0010 
001  1 
0012 

0013 

0014 

0015 

0016 

0017 

0018 

0019 

0020 


ASMB*F/B 

* TAKES  ONE  READING  FROM  CH  0 
NAM  ADC 
ENT  ADC 

COM  I < 9 > i I DATA 
ADC  NOP 

LDA  MODE 
OTA  1 1 B 
ETC  1 1 B/ C 
SFS  1 IB 
JMP  *-l 
L I A 1 IB 
STA  I DATA 
ISZ  ADC 
CLA 

OTA  1 IB 
CLC  11B 
JMP  ADC> I 
MODE  OCT  20000 
END 


0001  ASMB*  F..*  E 

0002  NAM  RELAY 

0003  ENT  RELAY 

000 A EXT  • ENTR 

0005  JP  BSS  1 

0006  RELAY  NOP 

0007  J SB  -ENTR 

0008  DEF  JR 

0009  LDA  JR* I 

00 1 0 OTA  1 5B 

0011  JMP  RELAY » 1 

0012  END 
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FLAME  ARRESTOR  TEST  DATA 
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APPENDIX  C 

FUEL  RETENTION  VS  DRAIN  RATE 
TEST  DATA 
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FUEL  RETENTION  VS  DRAIN  RATE 
TEST  DATA 


Test  performed  by  T.  0.  Reed  (ASD/EN)  in  Feb 
1976  to  investigate  the  effects  of  drain  rate 
on  fuel  retention, 

Drain  Fuel 

Rate  Retention 

Type  Foam  (lnchas/minute)  (Vol  %) 

Coarse  Blue  .9  1.89 

Coarse  Blue  5.5  2.30 

Fine  Blue  .9  2.70 

Fine  Blue  5.5  3.60 

Yellow  .9  .90 

Yellow  5.5  1.30 

Red  .9  2.91 

Red  5.5  2.94 
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APPENDIX  D 

PHYSICAL  PROPERTIES  OF  FOAM  AND  EXPLOSAFE 
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AVERAGE  LOSS  IS  TENSILE  STRENGTH  - 42.8 Z 
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PHYSICAL  PROPERTIES  OF  FOAM 
DATA  SUMMARY 


Yellow 

ID  0W852K<2-2) 

Coaree  Slue 
ID  0W9O6K(3-t> 

Red 

tl)  0W881K( 2-4A 

Fine  Blue 
ID  0W9O6K(8-3) 

Aet  rm'.oated 
Red 

PROPERTY 

DRY 

WET 

DRY 

WET 

DRY 

WET 

DRY 

WET 

DRY 

DENSITY 

(lb/ft) 

1.34 

- 

1.38 

- 

1.36 

- 

1.385 

- 

2.15 

AIR  PRESSURE 
DROP,  AVERAGE 
(inchue  UjO) 

0.155 

- 

0.200 

- 

0.289 

- 

0.264 

- 

0.252 

TENSILE 
STRENGTH  (pel) 

25.3 

26.0 

18.2 

10.2 

■ 

28.5  : 

►2.7 

13.0 

31.4 

COMPRESSION 
LOAD  DEFLECT tON 
@ 25*  (pel) 

65*  (pel) 

0.40 

0.60 

0.40 

0.58 

0.57 

0.945 

0.30 

0.545 

0.40 

0.62 

Bg 

H 

0.35 

0.585 

TEAR  STRENGTH 
(lb/in) 

6.8 

7.1 

5.2 

2.4 

6.0 

B 

5.51 

2.90 

- 

FLAMMABILITY 

(in/min) 

8.52 

- 

10.2 

- 

8.96 

- 

10.37 

- 

- 

COMPRESSION  SET 
(*> 

31.9 

• 

18.9 

- 

1 

25.1 

- 

10.9 

- 

- 

VOLUME  SWELL 

* 

+ 1.4 

+ 

15.1 

- 

+ 0,5 

- 

+ 16.2 

I 

Wot  data  obtained  after  JP-4  fuel  soaking  1-3  lire,  CJ  room  temperature. 
See  Military  Specification  for  explanation  of  propertiea/teate. 
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PHYSICAL  PROPERTIES  OP  EXPLOSAPE 
(Properties  of  Material  an  Tented) 


DATA  SUMMARY 


PROPERTY 

VALUE 

DENSITY 
< lb/ ft3) 

2.62 

AIR  PRESSURE 

.154 

DROP,  AVERAGE 

(inches  H?0) 

VISUAL  POROSITY 

1.3  LWD,  3.5  SWD 

(PPt) 

ALLOY 

8AE  3003  ALLOY  H-24  TEMPER 

THICKNESS  UNEXPANDEU 

.003 

(inches) 
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